Abstract Multi-model simulations show a post-Pinatubo eruption sequence of Pacific sea surface temperatures (SSTs) that includes a La Niña-like pattern the third northern winter after an eruption, opposite in sign to what was observed after Pinatubo. This leads to the loss of hindcast skill for years in the 1990s affected by the Pinatubo eruption because the post-eruption internal variability of the climate system did not match the multi-model forced response. Agung (1963) and El Chichón (1982) happened to have post-eruption Pacific SST sequences more similar to the multi-model response and thus do not degrade prediction skill as measured by anomaly pattern correlation in the hindcasts. Thus, decadal hindcast skill is reduced if the post-eruption randomly occurring internal El Niño variability in the observations deviates from the multi-model forced response that, by definition, averages out internal variability in favor of the forced response.
Introduction
It has long been recognized that the climate system responds to large explosive tropical volcanic eruptions with, among other things, a general cooling of globally averaged surface temperatures for a few years after the eruption [e.g., Robock and Mao, 1995] . Recently, there has been a growing recognition that there is a measurable climate system response even to moderate-sized volcanic eruptions [Santer et al., 2014 [Santer et al., , 2015 . Initialized decadal climate predictions for the Coupled Model Intercomparison Project phase 5 (CMIP5) were run for initial years from 1960 to 2005, with some models extended for initial years to 2013 . These hindcasts took into account observed stratospheric aerosol concentrations that included the four large tropical volcanic eruptions during that period (the eruptions and the years they started were Agung (1963) , Fuego (1974 ), El Chichón (1982 ), and Pinatubo (1991 ). It has been widely assumed that the inclusion of these large external forcings in the hindcasts would artificially improve post-eruption hindcast skill because if the predictions were made in real time, there would be no way of knowing if a volcanic eruption was eminent .
For example, during the design of the CMIP5 decadal prediction hindcasts, there was considerable debate regarding whether or not to include the volcanic aerosols in the model simulations. Since presumably there would be a definitive global temperature signal associated with the eruptions in the models, it was argued that including those aerosols would provide false skill in the hindcasts when verified against observations that also included the climate effects of the eruptions. However, the very fact that the observations contain the climate effects of the eruptions, excluding the observed volcanic aerosols from the hindcast simulations could conceivably result in a false lack of prediction skill when evaluated against those observations. In the end, the former argument won out and volcanic aerosols were included in the initialized hindcasts. However, the general issue of whether or not to include aerosols from volcanic eruptions in initialized decadal hindcasts has come up again in the formulation of the experimental design for the current phase of CMIP6 [Boer et al., 2015] . Here we show that the issue of volcanic eruptions in decadal hindcasts/predictions is more complicated than has been previously assumed. This is because the multi-model response averages out internal variability, though that internal variability in the single realization of observations plays a dominant role in the post-eruption sequence of Pacific sea surface temperatures (SSTs).
Analyses of the CMIP5-initialized hindcasts have shown that, overall, the multi-model ensemble shows skill (defined as agreement in the pattern of the hindcast surface temperatures and observations) for many areas of the global oceans [Doblas-Reyes et al., 2013] simulated by the CMIP5 multi-model decadal climate prediction ensemble initialized with observations for surface temperature using epoch differences to measure skill [Meehl and Teng, 2014a] , as well as by empirical orthogonal functions of precipitation to measure skill . The time evolution over the entire hindcast period for skill in predicting the patterns of the 3-7 year prediction averages for Pacific SSTs (i.e., if year 1 is the first year of the prediction, the third through the seventh years would represent the 5 year average for years 3-7 of the hindcasts) shows that there is statistically significant skill for most years except for a dramatic drop in skill during the 1990s (Figure 1 ). There is also a somewhat smaller statistically significant reduction in hindcast skill in the 1970s. The lack of skill in the 1990s is particularly notable because it occurred around the time of the Mount Pinatubo eruption. The smaller drop in skill in the 1970s happened near the time of the Mount Fuego eruption. However, the two other large tropical volcanic eruptions during the hindcast period, Mount Agung (1963) and El Chichón (1982) , were not associated with a corresponding drop in hindcast skill as measured by anomaly pattern correlations for Pacific SSTs (Figure 1 ). This raises the issue of whether and in what way the climate effects from volcanic eruptions could affect prediction skill of Pacific SSTs.
We address this question through comparison of the CMIP5 multi-model initialized hindcast simulations to not only observations of Pacific Ocean SSTs during and after the major eruptions in the post-1960 period but also to a 42 member ensemble from a single model (CESM1) [Kay et al., 2015] . The latter uses a single model with a single simulation from 1850 to 1920 which is then branched with small perturbations to the atmosphere to form the 42 member ensemble. Each member is run from 1920 to 2100. Here we show results for periods in the 1980s and 1990s as noted specifically below. The former includes 16 models for Figure 1 (BCC-CSM1.1, CanCM4-i1, CanCM4-i2, CCSM4-i1, CCSM4-i2, CNRM-CM5, FGOALS-g2, GFDL-CM2p1, HadCM3-i2, HadCM3-i3, IPSL-CM5A-LR, MIROC4h, MIROC5, MPI-ESM-LR, MPI-ESM-MR, and MRI-CGCM3), and 10 of those have the initial year of 1990 for Figure 2 (thus excluding CanCM4-i2, FGOALS-g2, IPSL-CM5A-LR, MIROC4h, MPI-ESM-MR, and MRI-CGCM3; more details are given in ). Most of these multiensemble 10 year hindcasts are started from initial years spanning the period 1960 to 2005, with some initial years extending here to 2007, and bias adjustments are calculated using observations from that period. Greenhouse gas and aerosol concentrations are taken as observed for this exercise. Some models used initial years for hindcasts every year starting with 1960, and some used initial years every 5 years from 1960, with various ensemble sizes for each model and each initial year . Results in Figure 1 are shown for each initial year, with different numbers of models and ensemble members depending on the initial year. All available ensemble members for each model are averaged together to produce one value for each model for each available initial year. The multi-model averages for hindcasts for adjacent initial years are qualitatively similar, indicating that a multi-model average for a given initial year is comparable across all years. 
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Results shown here build on the work of Maher et al. [2015] and can be compared to the multi-model/ multi-ensemble/multi-volcano composites from the uninitialized CMIP5 model simulations from that paper to quantify the mean forced response of climate models to a large tropical volcanic eruption. We use the Maher et al. [2015] results to compare to the large ensemble with a single model, and thus, we refer to the Maher et al. 
Results
Though it is difficult to assess exactly what an "average" observed climate response in the tropical Pacific is to explosive tropical volcanoes due to there being so few samples [Robock, 2000] , it has been done for climate model simulations with various limitations noted in the model simulations [Timmreck, 2012; Driscoll et al., 2012; Charlton-Perez et al., 2013] . As noted above, Maher et al. [2015] documented the composite response to volcanic eruptions in the CMIP5 all-forcings twentieth century ensemble from 1860 to 2006 that took into account observed human and natural forcings including stratospheric aerosols from volcanic eruptions. There were six large tropical volcanic eruptions during that time period: Krakatau (1883), Santa Maria (1902), Agung (1963 ), Fuego (1974 ), El Chichón (1982 ), and Pinatubo (1991 . Maher et al. [2015] considered the five largest of these (all but Fuego) and examined 122 CMIP5 ensemble members from 31 different models to produce a multi-model/multi-ensemble/multi-volcano composite amounting to a sample of 610 Figure 2 . (left column) Observed SST anomalies from the NCEP/NCAR reanalyses for (top) the peak of the 1991 Mount Pinatubo eruption (January, February, and March (JFM), 1992), (middle) the SONDJF average after the peak of the eruption (1992), and (bottom) the third DJF after the eruption peak (1994),°C; (right column) initialized predictions from CMIP5 models, SST anomalies (°C) (all relative to 5 years before each eruption as in Maher et al. [2015] ) for eruption peak (top), SONDJF average after the eruption peak (middle), and the third DJF after the eruption (bottom); Stippling in right column is shown at the 95% significance level. The dashed box in each panel denotes the area averaged in Figure 3 .
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volcanic responses. The models produce, on average, a small amplitude El Niño-like zonal SST gradient across the equatorial Pacific the December, January, and February (DJF) after an eruption, as well as a weakening of the Pacific trade winds and statistically significant above-normal sea surface heights in that region consistent with an El Niño-like response. There is subsequently a larger amplitude multi-model multi-volcano mean La Niña-like pattern the third DJF after an eruption with statistically significant negative SST anomalies approaching -0.5°C in the equatorial central and eastern Pacific, stronger trade winds, and below-normal sea surface heights there. Thus, though there are few samples of explosive volcanoes from the observations in the twentieth century, the larger number of samples from the models can be used to at least show how the models are responding, on average, to a large tropical volcanic eruption. Figure 2 (left column) shows the observed post-Pinatubo eruption sequence of SST anomalies. At the peak of the eruption in 1992 as defined by Maher et al. [2015] , there are positive SST anomalies in the equatorial eastern Pacific of magnitude greater than +1°C that resemble an El Niño event. Analyzing the same seasonal sequence as in Maher et al. [2015] , SST observations show positive off-equatorial anomalies of about +0.5°C in the tropical eastern Pacific during the season average September, October, November, December, and January (SONDJF) after the eruption, with weak negative anomalies on the equator. The third DJF after the eruption shows a resurgence of an El Niño-like pattern with maximum equatorial Pacific SST anomalies greater than +1°C. Figure 2 (left column) with the SST anomalies from the CMIP5 multi-model predictions initialized in 1990 in the right column, it is readily apparent why the hindcast skill for this time period affected by the Mount Pinatubo eruption declines so significantly in Figure 1 . In particular, the predicted sign of SST anomalies in the tropical Pacific are nearly opposite to those in the observations. There are significant negative SST anomalies in the equatorial eastern Pacific of about À0.8°C for the peak of the eruption in 1992 when there were positive anomalies of more than +1.5°C in the observations. For the SONDJF after the eruption peak (middle panels) there are lower amplitude and insignificant SST anomalies in the equatorial eastern Pacific in the initialized hindcasts similar to those shown for that time period for the composite eruption signal by Maher et al. Previous studies have noted issues involved with the importance of initial state in the response of the climate system to volcanic eruptions [e.g., Zanchettin et al., 2013] . This bears directly on the reliability of decadal climate predictions made shortly after a large volcanic eruption as shown here, particularly with regard to how the climate system may actually respond to a large volcanic eruption based on the phase of El Niño-Southern Oscillation [e.g., Adams et al., 2003; Ohba et al., 2013] .
Comparing the observations in
In terms of verifying hindcast skill for the pattern of Pacific SST predictions for the 5 year averages for years 3-7 in Figure 1 , the first year after the Mount Pinatubo eruption was 1992, and the third year was 1994. Since, as noted above, the post-eruption sequences of observed and model-produced patterns of SST response in the tropical Pacific are nearly opposite in sign, and since the hindcasts are being verified against observations that represent the sequence of Pacific SST anomalies in Figure 2 , any year in a 3-7 year hindcast containing the climate effects of the eruption would contribute to a degradation of model skill. This is due to the disagreement between what the models are trying to produce in response to the Pinatubo eruption and what actually occurred in the observations. Whether or not the multi-model response is what the observed system is actually trying to produce, which is complicated by the existing Pacific climatic state at the time of the eruption [e.g., Stevenson et al., 2015] , or what the actual mean response in the Pacific is to a large tropical volcano in the observed climate system, remains difficult to assess for lack of sampled events. Instead our focus is on the initialized model hindcast prediction verification problem.
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The anomaly pattern correlations in Figure 1 are plotted as a function of the central year of the 3-7 year hindcast (e.g., the year 1990 in Figure 1 would represent the 5 year average of the 3-7 year prediction from 1988 to 1992). The first of these central years that drops below the 95% significance level for the pattern correlations in Figure 1 is 1990, and the last is 1996. The central year of 1990 was the first when the 5 year average for the year 3-7 prediction included a year with climate effects from Mount Pinatubo (1988-1992, with 1992 being the year after the eruption). The year 1996 is the last central year when the pattern correlations for Pacific SSTs are below the 95% significance level, and that is the last central year that includes an affected third year after the eruption in the 3-7 year prediction window (1994-1998, with 1994 being the third year after the eruption). This suggests that the multi-model response to a volcanic eruption dominates the multi-model simulated evolution of the climate that may have produced an El Niño the third year after 
Conclusions
The climate effects of large tropical volcanic eruptions during the CMIP5 initialized decadal climate prediction hindcast period do not significantly affect simulation skill of Pacific SSTs (measured by anomaly pattern correlation) if the simulated sequence following the volcanic eruptions, represented by a multi-model response as well as a large ensemble average from one model, is similar to the observations against which the simulations are verified. This is the case for Agung (1963) and El Chichón (1982) . However, if the observed sequence of random internally generated tropical Pacific SSTs after the eruption is nearly opposite in sign to that which the models are producing on average (namely, Fuego, 1974 and Pinatubo, 1991) , there is a degradation of prediction skill in terms of anomaly pattern correlation, which is particularly notable for the hindcast years affected by the large Pinatubo eruption. Due to the larger number of samples in the uninitialized and initialized CMIP5 model simulations, as well as the 42 member large ensemble from CESM1, the composite model response sequence after a typical volcanic eruption can be quantified. In the CMIP5 multi-model average initialized hindcasts, this multi-model response to a given large tropical volcanic eruption dominates the hindcasts because internal variability is averaged out by definition in the multimodel ensemble. This is why if a post-eruption sequence of Pacific SSTs happens to follow the multi-model forced response, there is good hindcast skill (Agung and El Chichón), while if the post-eruption sequence happens not to agree with the multi-model forced response, there is a degradation of hindcast skill (Fuego and Pinatubo).
The implications for decadal climate prediction are profound and of critical relevance for scientists attempting to do decadal climate predictions and potential stakeholders who look to use decadal climate prediction information. This is because a multi-model average will emphasize the forced response and average out the internal variability, but if the forced response does not match the randomly generated Geophysical Research Letters 10.1002/2015GL066608 post-eruption internal variability, then there is reduced skill. Thus, if there is a large volcanic eruption and a new multi-model prediction is made shortly after the eruption, there is no way of knowing whether the prediction will verify over the next 5 years or so because the real system will randomly generate El Niño variability that will be averaged out, by definition, in a multi-model prediction in favor of the forced response.
